THE INTESTINAL MUCOSA EFFICIENTLY regulates absorptive and secretory functions in the intestine because of the spatial organization and functional cooperation of epithelial cells along the crypt-villus axis. While the epithelial cell types that comprise the functional units of the crypt and villus compartment are known, how individual cells cooperate to synchronize anion transport along the crypt-villus axis is not well understood (22) . The previously held notion of a permanent segregation of functions between the crypt (secretory) and villus (absorptive) epithelium is clearly challenged (30, 39, 50, 59, 62) , and it is increasingly recognized that anion secretion/ absorption along the crypt/villus axis can vary under different physiological or pathological conditions. In common intestinal diseases, such as inflammatory bowel and celiac disease, a pathological imbalance results in diarrhea when secretion becomes dominant or unchecked. Both diseases are associated with crypt hyperplasia and villus atrophy; however, the underlying pathogenesis of ion transport defects is not understood, in part, because the presence or absence of clinically relevant transporters in a distinct intestinal cellular location remains unspecified.
There has been a recent explosion in information regarding intestinal anion transporters. Functional studies in genetically engineered animal models that examined the Cl Ϫ /HCO 3 Ϫ anion exchanger 2 (AE2), the SLC26A6 and SLC26A3 Cl Ϫ /HCO 3 Ϫ exchangers, and the sodium/bicarbonate (Na ϩ /HCO 3 Ϫ ) cotransporter (NBC) family members revealed critical roles for bicarbonate secretion in specific intestinal segments along the proximal-distal axis of the intestine (3, 10, 11, 36, 76) . In addition to its established central role in chloride secretion, the cystic fibrosis transmembrane conductance regulator (CFTR) is now recognized as a critical regulator of intestinal bicarbonate secretion (25, 44, 67, 77) . This observation has renewed interest in a long-debated but central question of the underlying pathogenesis of cystic fibrosis (CF), the genetic disease resulting from mutations in CFTR (70) . In the CF intestine, the mutant CFTR protein is unable to traffic normally to the apical plasma membrane of enterocytes and thus Cl Ϫ and/or HCO 3 Ϫ secretion is defective. CFTR is not present in goblet cells (the second largest population of intestinal epithelial cells and the site of mucus production and secretion). Yet a central feature of CF disease is the accumulation of sticky, abnormally thick acidic mucus that obstructs the lumen of ductal structures in affected organs (86) . The anion transport defects in CF were characterized in detail, but until recently, no unifying hypothesis linked goblet cell functions and CFTR-mediated anion secretion to explain the observed defects in this disease (35, 70) . A model was proposed, whereby CFTR-mediated bicarbonate secretion from enterocytes could modulate mucus properties and secretion by intestinal goblet cells and thus fully account for the observed defects in CF (35) . But direct evidence supporting this model has not been provided. To understand how enterocytes and goblet cells coordinate their respective anion transport functions, the current study examined the cell-specific subcellular distribution of the major anion transporters in epithelial cells along the crypt-villus axis in rat intestine. Examination of subcellular distribution patterns of transporter expression in tissues is also necessary to establish vesicle traffic as an important mechanism of regulation in physiological anion transport (6) . We, therefore, used this approach to examine whether coordinated anion transport along the crypt-villus axis of the epithelium involved intracellular trafficking of CFTR, the sodium-and potassium-coupled chloride (NaK2Cl) cotransporter 1 (NKCC1), the electrogenic NBC1 (NBCe1; SLC4A4), and the sodium/proton (Na ϩ /H ϩ ) exchanger 3 (NHE3; SLC9A3). Trafficking of NKCC1 was previously demonstrated in colonic crypt cells (71) , but no study has simultaneously examined the subcellular distribution and cell-specific expression of each transporter along the cryptvillus axis.
The mucus-producing Brunner's glands of the proximal duodenum empty their contents into the crypt lumen (51) . Like mucus-producing goblet cells, very little is known about the gland's role in fluid and electrolyte transport. HCO 3 Ϫ secretion by Brunner's glands has been assumed (23), without direct evidence to support this claim (1, 2) . Accumulating evidence support a fluid transport role for Brunner's glands that may involve regulation by agonist-stimulated trafficking. The chloride bicarbonate exchanger AE2 was previously localized to the basolateral membranes, and more recently aquaporin 5 (AQP5) channels were identified on the apical and lateral domains of acinar cells of the Brunner's gland. The distribution of AQP5 suggests its presence in subapical vesicles, consistent with aquaporin's role in regulating water transport by trafficking (3, 60, 64) . Both rab3D, a member of the Rab protein family, and SNARE proteins, which regulate intracellular trafficking, were identified in rat Brunner's gland (28, 84) . To provide convincing evidence in support of intracellular trafficking in anion transport, we embarked on a detailed examination of the subcellular distribution of CFTR, NKCC1, and NBCe1 in rat Brunner's glands.
In human colon crypt explants cholinergic Ca 2ϩ signals were initiated at the crypt base and spread along the crypt axis to induce rapid recruitment and activation of NKCC1 on the basolateral membranes, which was accompanied by secretory cell volume decrease, and transient fluid secretion (71) . These findings also indicated that a cholinergic stimulus recruits more crypt cells to function in a syncytium in anion secretion following acute stimulation. Whether a similar mechanism can occur along the crypt/villus axis in the small intestine is unknown. We investigated this in the current study in vivo using short-term carbachol (CCh) treatment in ligated segments of rat small intestine and examined how cholinergic stimulation affected the localization and membrane trafficking of CFTR, NKCC1, NHE3, and NBCe1 in distinct epithelial cell types, and along the crypt-villus axis.
MATERIALS AND METHODS

Primary and Secondary Antibodies
Anti-CFTR. AME4991 anti-CFTR antibody was used at 1:1,000 for light and electron microscopic immunocytochemistry and 1:2,000 for Western blot analysis (5, 41) . The monoclonal mouse anti-CFTR antibody (M3A7; Chemicon International, Temecula, FL) was used in some double-label studies.
Electrogenic Na ϩ /HCO 3 Ϫ cotransporter 1 (NBCe1). The polyclonal rabbit antiserum K1A was a generous gift from Dr. Walter Boron (Case Western Reserve University). The antiserum recognizes a region of the COOH terminus common to electrogenic Na ϩ /HCO 3 Ϫ cotransporter 1-A (NBCe1-A) and NBCe1-B, but different from NBCe1-C. The generation and use of K1A (anti-rb1) and B1B (anti-rb2) were reported (18) . NKCC1. T84 is an affinity-purified polyclonal antibody against NKCC1, previously shown to recognize NKCC1 in human and rodent intestinal cells. T4 (acquired from the Developmental Hybridoma Bank) is a monoclonal antibody generated against a fusion protein encompassing the carboxy terminus (S760-S1212) of human NKCC1 (58) . Both anti-NKCC1 antibodies recognize NKCC1 by immunocytochemistry and immunoblot (58) and produced identical labeling patterns in our studies.
NHE3. The monoclonal mouse antibody (N12920/611776) (BD Biosciences, San Jose, CA) was diluted at 1:500. Two early endosome markers were used: the rabbit polyclonal antibody against the early endosomal antigen 1 (rb-EEA1; Affinity Bioreagents, Golden, CO) and the mouse monoclonal antibody m-EEA1 (BD Biosciences, San Jose, CA), which was diluted at 1:500. Recycling endosomes were visualized using the polyclonal rabbit Rme-1 antiserum (NJ177; a gift from Dr. Barth Grant, Rutgers University) diluted at 1:250, as described earlier (66) . Secondary fluorescent affinity-purified goat antirabbit or anti-mouse IgG antibodies labeled with Alexa 488 or CY3, and the F-actin marker rhodamine-labeled phalloidin were obtained from Molecular Probes (Eugene, OR).
Animals
The Institutional Animal Care and Use Committee of Yale University School of Medicine approved the study. Male Sprague-Dawley rats (200 -250 g wt, Charles River Laboratories, Wilmington, MA) were fasted overnight but allowed free access to drinking water and anesthetized with Inactin (120 mg/kg ip) injection. Body temperature was maintained with a heating pad.
Luminal Treatment of Small Intestinal Loops
Intestinal loops (ϳ2.5-cm length) were created with ligatures in the duodenum, proximal jejunum, and ileum. The lumen was instilled with ϳ0.2 ml CCh (10 M) prepared in normal saline (pH 7.4, at 37°C) or saline alone for 10, 15, or 20 min. The abdomen was closed, and the animal was kept warm. At the end of the experiment, the animals were euthanized by administration of intraperitoneal injection of Inactin (200 mg/kg).
Tissue Preparation
Intestinal segments were immediately removed and briefly rinsed with ice-cold PBS. Tissues were cut into ϳ2-mm-thick rings, fixed in 2% paraformaldehyde in PBS, pH 7.4, for 1 h at room temperature, then rinsed with PBS and cryoprotected in 30% sucrose overnight. The tissue samples were arranged in multiple-tissue blocks (described below) and embedded in tissue-freezing medium OCT (Miles, Elkhart, IN). For identification and orientation, tissue blocks were photographed before freezing, using a camera-equipped stereomicroscope or a flat-bed scanner. OCT-embedded tissues were immediately frozen in isopentane precooled in liquid nitrogen and tissue blocks stored at Ϫ70°C until sectioning. Frozen sections (5 m) were cut on a cryostat, mounted on Superfrost Plus slides (Fisher), and stored at Ϫ20°C. Some of the slides were stained with hematoxylin and eosin for histological assessment.
Utilization of Tissue Arrays
Multiple tissue samples were processed under identical conditions by the utilization of tissue arrays. Samples from duodenum to colon taken from the same rat were embedded in one block. Untreated tissues and tissues undergoing different experimental conditions were also embedded together. This approach allowed simultaneous analysis of multiple tissue sections. Images were taken with the same exposure time.
Immunofluorescence Labeling
All steps were carried out in a humidified chamber at room temperature, except for overnight incubation with primary antibodies, which was carried out at 4°C. Mounted frozen sections were thawed and rehydrated in PBS. To reduce autofluorescence, sections were treated with 1% sodium borohydride for 10 min, and then washed in PBS. To improve antibody labeling, some sections were exposed to 0.1 or 0.2% SDS in PBS for 10 min, then washed with PBS. Sections were incubated for 2 h in a blocking solution (BS) consisting of PBS, 10% goat serum, and 0.1% Triton-X (pH 7.4). Subsequent incubations were carried out in a BS. Sections were incubated with the primary antibodies overnight, except the NKCC1-specific T4 primary antibody (diluted 1:200) was incubated for 5-15 min at room temperature. Control sections were labeled in the absence of primary antibodies or with nonspecific IgG. Sections were washed three times in PBS and incubated for 30 min with Alexa 488 (green) or CY3 (red) conjugated secondary antibodies diluted 1:500 in BS. Filamentous actin (F-actin) staining was detected with rhodamine-phalloidin, and nuclei were visualized (blue) with 1% Hoechst dye. Slides were mounted with Slow Fade (Molecular Probes) medium prior to examination.
Immunogold Labeling
All experiments were performed on Brunner's gland tissue from nonfasted male Sprague-Dawley rats. Pentobarbital sodium anesthesia was administered intraperitoneally (60 mg/kg), and the proximal duodenum was identified. Tissue segments containing submucosal Brunner's glands were removed, cut into small pieces, and immersion fixed in 2% (wt/vol) paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4 for 12 h. Tissue was maintained in 0.2% paraformaldehyde in 0.1 M PB, pH 7.4 at 4°C until ready for use. Tissue blocks were prepared and ultrathin cryosections were immunolabeled as described previously (4, 56) .
Fluorescence Image Analysis
Immunolabeled sections were stored at 4°C and examined on a Nikon Eclipse E800 epifluorescent microscope equipped with a Hamamatsu Orca R2-C10600 digital camera. The acquisition parameters were standardized in relation to the highest-intensity regions to avoid oversaturation of pixel intensity. Digital images (8 bits/channel; 1,344 ϫ 1,024 pixels) were taken at ϫ40 magnification and at the same exposure time. Background-corrected fluorescence intensity levels were measured by selecting discrete regions of interest over the apical membrane (for CFTR and NHE3), the lateral membrane (for NBCe1 and NKCC1), and the intracellular apical pole. Densitometric analysis was performed using the advanced "Analysis and Record Measurements" features of Adobe Photoshop CS4 Extended. The "Record Measurements" tool provided the pixel intensities (mean gray value) of the selected areas. For background correction, pixel intensity values from the lamina propria were subtracted. For selection of regions of interests, the circular brush tool was set at 100% hardness, and ribbon-shaped areas were traced onto a new layer (set to 20% opacity, in order to see the transparent selected area and the image at the same time). For NHE3 and CFTR apical membrane labeling, ribbon-shaped areas with a thickness of ϳ2.0 m (16-pixel master diameter) were traced centered on the apical fluorescence. For NKCC1 and NBCe1 lateral membrane labeling, short ribbons with a thickness of ϳ1.5 m (12-pixel master diameter) were traced centered on the lateral membrane fluorescence. For NHE3 and CFTR intracellular apical pole labeling, short ribbons with a thickness of ϳ3.0 m (24-pixel master diameter) were traced closely below the apical membrane areas selected previously, but without overlay; the upper margin of the selected apical pole areas was ϳ1.5-2 m from the center of the apical membrane fluorescence. Similarly, for NKCC1 and NBCe1 intracellular apical pole labeling in enterocytes, short ribbons with a thickness of ϳ3 m were selected below the apical surface. For NKCC1 intracellular labeling in goblet cells, areas above the nucleus were selected. Data from 4 to 12 selected areas were averaged in each image; 6 to 8 images were analyzed for each measurement group in one animal, and data were collected from four animals.
Statistics
All measured values were presented as means Ϯ SE. Statistical significance between two individual measurement groups was determined by unpaired t-test. Differences among groups were determined using one-way ANOVA and the Tukey's post hoc method of multiple comparisons. The level of significance was set at P Ͻ 0.05. Figure 1 shows low-magnification images of the relative distribution patterns of NBCe1 (Fig. 1A) , CFTR (Fig. 1B) , and NHE3 ( Fig. 1C ) along the crypt/villus axis of five representative intestinal segments: proximal duodenum, proximal jejunum, ileum, proximal colon, and distal colon, using tissue arrays and standardized imaging as described in MATERIALS AND METHODS. Data on quantification of fluorescence intensities (FI) of the four transporters examined in the jejunum is shown in Fig. 11 . Overall, immunolabeling for all four transporters (NKCC1, NBCe1, CFTR, and NHE3) was detected in the small intestinal upper crypt and villus epithelium.
RESULTS
Distribution Patterns of CFTR, NBCe1, NHE3, and NKCC1 Along the Proximal-Distal Axis in Rat Intestine
Although the FI levels varied, NBCe1, CFTR, and NHE3 were detected in the upper crypt and villus epithelia of the duodenum, jejunum, and ileum; in contrast, only CFTR was detected in the lower crypt epithelia. Proximal duodenal villi displayed high levels of NBCe1, CFTR, and NHE3; and NBCe1 exhibited an increasing gradient of expression toward the villus tip. Jejunal villi displayed moderate levels of NHE3 and CFTR but low levels of NBCe1. In the villus epithelium of the ileum, the pattern was opposite to the jejunum: NHE3 and CFTR levels were low, while NBCe1 was high. Because intracellular patterns cannot be demonstrated at low magnification, data on the localization of the fourth transporter NKCC1 are presented separately. NKCC1 labeling was strong in crypt cells (Figs. 2, 3, 11), but it was also detected in villus cells. The subcellular distribution of NKCC1 was increasingly intracellular in enterocytes from the villus base toward the villus tips, in the duodenum (Fig. 2, A and B) , jejunum (Fig. 5,  10A ) and ileum (data not shown). In the colon, CFTR, NKCC1, and NBCe1 were strongly coexpressed in enterocytes in the middle third of proximal colonic crypts (Fig. 8) , and NHE3 was strongly expressed in surface cells (Fig. 1C) . In the proximal region of the distal colon, CFTR and NKCC1 were coexpressed in crypt cells (data not shown); both NBCe1 and NHE3 levels were very weak compared with the proximal colon ( Fig. 1 ).
Expression Patterns of CFTR, NBC1e, NKCC1, and NHE3
Along the Crypt-Villus Axis CFTR. As reported previously (7, 9) , the highest levels of CFTR in the intestine were found in villus CFTR High Expresser (CHE) cells (Figs. 1B, 9, A and B). In general, CFTR was detected at higher levels in crypts, and lower levels in villi along the small intestine of untreated rats. However, unexpect-edly, we observed very high CFTR fluorescence intensity (FI) in the proximal duodenal villus epithelium (Figs. 1B, 2B ), which appeared more intense than the crypt (Fig. 2C) . To verify this observation, densitometric analysis of CFTR fluorescence intensities (FI) in proximal duodenal crypts and villi was performed. The data indicated ϳ60% higher levels of CFTR on the apical membrane on the villi compared with crypts. In contrast, CFTR FI in the intracellular apical pole in villus cells was lower (ϳ70%) than in crypt cells (100%) (Fig.  2, B-D) . Very high CFTR levels were observed in the acinar cells of the submucosal Brunner's glands (Figs. 2A, 3 ). Highermagnification images of immunolabeled sections from colon revealed CFTR label was present in the crypt but not detectable in surface cells (Fig. 8, A and C) . Some of the CFTR-positive subapical vesicles in villus and crypt enterocytes appeared to colocalize with EEA1, a marker of early endosomes (Fig. 6D) , and with RME-1, a marker of recycling endosomes (Fig. 7A ) consistent with previous observations that CFTR undergoes apical endocytosis and RME-1-dependent recycling (5, 26, 66) , In contrast to the proximal duodenum, in the untreated jejunum, densitometry of CFTR fluorescence intensity (FI) on the apical membrane of enterocytes revealed a decreasing gradient from lower crypt to upper villus (Fig. 11B) . The CFTR FI values (normalized to lower crypt) were as follows: lower crypt (1.0) Ͼ upper crypt (0.61) Ͼ lower villus (0.28) Ͼ upper villus (0.15).
NBCe1. The distribution of NBCe1 label (green) along the crypt-villus axis of the proximal duodenum is shown in Fig.  2E . Double staining with anti-NKCC1 antibody highlights the decreasing gradient of NBCe1 distribution from the tips of the Fig. 1 . Distribution patterns of CFTR, Na ϩ bicarbonate cotransporter (NBCe1), and Na ϩ /H ϩ exchanger 3 (NHE3) along the proximal-distal axis of rat intestine. Tissues from intestinal segments were embedded using tissue arrays. Sections were processed and imaged under standard conditions as described in MATERIALS AND METHODS. Low-magnification images show the distribution of NBCe1 (green) (A), CFTR (green) (B), and NHE3 (red) (C). CFTR and NHE3 images were taken from a section doubled labeled for CFTR/NHE3; NBCe1 images are from a neighboring section. Villus (arrowheads, v), crypt (open arrowheads, c), CFTR High Expresser cells (arrows). PDuod, proximal duodenum; PJej, proximal jejunum; Ile, ileum; PCol, proximal colon; DCol, distal colon; Scale bar: A-C: 100 m.
villi toward the crypt with an almost abrupt decrease in the upper third region of the crypt (Figs. 2, E and F) . Lower crypt cells were generally devoid of NBCe1 label in the intestine, with the exception of the proximal duodenum, where very weak NBCe1 label was detectable (Fig. 2F) . The acinar cells of the Brunner's glands exhibited very low levels of NBCe1 (Fig.  2F) , compared with the robustly labeled proximal duodenal villi in the same tissue section (Fig. 1E) . NBCe1 label was detected in all villus enterocytes (Figs. 1, 2E, 4, C and D, 6 , B and C, 8D) and CHE cells (data not shown). NBCe1 was not detected in goblet cells and was predominantly confined to the basolateral membranes of enterocytes (Figs. 2, 4C, 6B, 10A) . However, some NBCe1, particularly at the villus base, was intracellular in the apical domain of cells where it appeared to partially colocalize with early endosomes (Fig. 6C ). In the upper third region of proximal colonic crypts, enterocytes exhibited strong basolateral NBCe1 labeling; in upper crypt and surface cells, NBCe1 label appeared partially intracellular, and NBCe1 label was not detected at the crypt base (Fig. 8B) . Densitometry of NBCe1 FI on the lateral membrane of enterocytes in the untreated jejunum revealed an increasing gradient from lower crypt to upper villus ( In the villus epithelium of jejunum in untreated rats, lateral membrane NKCC1 FI was ϳ3-fold higher, and intracellular NKCC1 FI was ϳ1.4-fold higher in goblet cells compared with enterocytes (Figs. 4, A and B, 11E) . From the villus base toward the tips, NKCC1 label appeared increasingly intracellular in goblet cells (Figs. 4C, 5C ), consistent with densitometry analysis (Fig.  11E) . Some intracellular NKCC1 appeared to colocalize with EEA1 in supranuclear compartments in goblet cells (Figs. 6A) .
NKCC1 in enterocytes. NKCC1 was detectable in all crypt and villus enterocytes along the intestine, including CHE cells. Densitometry of NKCC1 FI on the lateral membrane of enterocytes in the untreated jejunum, revealed a decreasing gradient from lower crypt to upper villus (Fig. 11D) . The normal- (Fig. 5) endosomes in the apical domain of villus enterocytes and in RME-1-positive recycling endosomes that were closely associated with the lateral cell membrane (Fig. 7B) . In crypt regions and Brunner's glands, NKCC1 was mainly localized to the basolateral membrane ( Figs. 2 and 3) . In contrast, NKCC1 label in small intestinal villus enterocytes (Fig. 5) , and colonic surface epithelium (Fig. 8 ) appeared predominantly in apical intracellular compartments. These intracellular localization patterns were also confirmed by densitometry from the untreated jejunum (Fig. 11D) .
NHE3. Within the crypt-villus axis of the small intestine, NHE3 label was confined to the villus epithelium and the uppermost portion of crypts (Figs. 1C and 9A ). This crypt/ villus pattern of distribution was remarkably similar to that of NBCe1. NHE3 label decreased sharply from the villus base toward the crypts, weak NHE3 label was detectable in upper crypt cells, but lower crypt cells were generally devoid of NHE3 label (similar to NBCe1). NHE3 was not detected in goblet cells (G; in Fig. 9, C and D) , Brunner's glands, proximal and distal colon crypt cells, and CHE cells (data not shown). NHE3 immunofluorescence was detected in all villus enterocytes (Figs. 1C and 9 ), proximal colonic columnar cells, and at low levels, in distal colonic columnar cells (data not shown). NHE3 label was invariably confined to the apical domain (Fig.  9, A and B) , where it was largely localized to the brush border membrane, but it was also present in subapical compartments (Figs. 9, C and D, and 11A ). In the untreated jejunum, densi- . 11A ). 
Subcellular distribution of NKCC1, CFTR, and NBCe1 in
Brunner's glands. Brunner's glands empty their contents to the crypt lumen. The site of confluence was observed within the lower third of crypts (Fig. 3A 1 ). NKCC1 and CFTR fluorescence was very high in the Brunner's glands and the interconnected crypts ( Figs. 2A and 3A) . In Brunner's gland cells, NKCC1 was identified on the basolateral membranes, whereas CFTR was localized along the apical surface facing either the main lumen or the side-branches of the main lumen (Fig.  3C ). In addition, punctate vesicular staining for CFTR was identified within the subapical region within cells (Fig. 3C) , a feature confirmed by electron microscopy (EM) (Fig. 3D,  D 1 , D 2 ) . At the EM level, immunogold label for CFTR was detected on apical membranes and microvilli facing the lumen and in subapical vesicles (Fig. 3D 1 , D 2 ) . These data confirm the high levels of apical and subapical CFTR in Brunner's glands of rat and human intestine (9, 80) . NBCe1 label was very weak in Brunner's gland cells compared with villus cells of the proximal duodenum. The low level of NBCe1 in Brunner's glands (Fig. 2, E and F) contrasted with robust NKCC and CFTR staining. Staining for NHE3 was not detected (Fig. 1C) .
Carbachol-Induced Redistribution of NHE3, CFTR, NBCe1, and NKCC1
Stimulation of the cholinergic gastrointestinal parasympathetic nervous system produces fluid, electrolyte, and mucus secretion (43, 69) . We used the cholinergic agonist CCh to examine its effect on the subcellular distribution of the four ion transporters (Figs. 9 -11 ). Tissues were treated with luminal CCh (10 M) for 10, 15, or 20 min, then fixed and stained with antibodies. Within 10 min, CCh reduced apical membrane labeling of NHE3 (Fig. 9) and promoted its internalization into EEA1-labeled early endosomes (Fig. 9, E and F) . In contrast, CCh increased apical membrane labeling of CFTR, and reduced CFTR label in subapical vesicles along the entire cryptvillus axis (Figs. 9, A-D, 10) . Along with these changes, CCh also increased basolateral membrane labeling of NBCe1 and NKCC1 in crypt, as well as the villus epithelium (Figs. 10 and  11 ). CCh induced cell shrinkage (Fig. 10, A and F) in both enterocytes and goblet cells, indicating volume loss due to robust secretory activity. Densitometric analysis of fluorescence intensities (FI) for NHE3, CFTR, NKCC1, and NBCe1 (presented on the graphs of Fig. 11 ) revealed the following CCh-induced changes: CCh-reduced membrane NHE3 FI (relative to its FI value in untreated tissues) to 46% in upper crypt, 54% in lower villus, and 55% in upper villus (Fig. 11A) . CFTR increased on the apical membrane of enterocytes ϳ1.8-and ϳ2.5-fold in lower and upper crypt, and ϳ4-and ϳ7-fold in lower and upper villus epithelium, respectively (Fig. 11B) . NBCe1 was increased on the lateral membrane of enterocytes in upper crypt by ϳ2.8-fold, lower villus ϳ3.1-fold, and upper villus ϳ1.8-fold (Fig. 11C) . NKCC1 increased on the lateral membrane of enterocytes in crypt ϳ1.6-fold, while in lower and upper villus ϳ3.2-and 5.7-fold respectively (Fig. 11D) . Finally, NKCC1 increased in goblet cell lateral membranes in lower and upper crypt by ϳ1.5-and ϳ1.8-fold, and in lower and upper villus ϳ1.3-and ϳ1.5-fold, respectively (Fig. 10E) . The CCh-induced membrane recruitment of NKCC1, NBCe1, and CFTR (Figs. 9D, 10, A, D , and E), together with NHE3 internalization (Fig. 9, D and F) was observed in the same enterocytes. Notably, the CCh-induced membrane recruitment of all three transporters resulted in relatively even labeling intensities along the entire villus axis. This observation was confirmed by densitometry: in the untreated jejunum, CFTR, NBCe1, and NKCC1 FI were all significantly different in the upper villus cells (indicated by "&" on the graphs in Fig. 11 ) compared with the respective lower villus cells. However, in the CCh-treated jejunum, no significant differences could be detected between the lower and upper villus cell groups (indicated by "␤1" and "␤2" on the graphs in Fig. 11 ) for any of the three transporters.
As shown on the graph in Fig. 11A , the CCh-induced decrease in membrane NHE3 was accompanied by increased intracellular NHE3 in crypt and villus cell groups, providing quantitative evidence for NHE3 internalization. In a reciprocal manner, in all CFTR-and NBCe1-labeled cell groups (Fig. 11,  B and C) , the CCh-induced increase in membrane FI was accompanied by a concomitant decrease in intracellular FI, in support of membrane recruitment from an intracellular pool. The same membrane recruitment relationship was observed for NKCC1-labeled villus cells (Fig. 11D) . However, in NKCC1-labeled crypt cells, increased membrane FI was accompanied Fig. 7 . Subcellular distribution of CFTR and NKCC1 in recycling endosomes in enterocytes. Sections of proximal jejunum were double labeled for CFTR (green) or NKCC1 (green) and the recycling endosome marker RME-1 (red). A: high-magnification images of the apical portion of a crypt show CFTR in the apical brush border (open arrowhead) and in subapical vesicles, some of which appear to colocalize with RME-1 in the subapical domain (yellow, arrowheads). B: at the villus base, NKCC1 (green) labeling is depicted in a goblet cell (G) and neighboring enterocytes. NKCC1 appears to colocalize with RME-1 recycling endosomes (yellow, arrowheads) near the lateral membrane of enterocytes (yellow, arrowheads). Scale bars: A and B, 5 m.
by increased intracellular FI (Fig. 11E) . As discussed later, this may indicate the ending phase of NKCC1 membrane recruitment and the beginning of NKCC1 internalization in crypt cells.
DISCUSSION
Methodological Considerations
Functional activity of CFTR, NHE3, NBCe1, and NKCC1 depends on transporter density at the cell surface that is regulated by endocytic and exocytic trafficking (8, 31, 41, 55, 65, 71, 87) . Other regulatory factors include phosphorylation (29, 34, 57) , protein synthesis, and short-chain fatty acids (61) . Each factor is further controlled by physiological, chemical, and neural signals. While intracellular localization is valid evidence for transepithelial ion transport inactivity, membrane localization per se cannot be unconditionally viewed as a direct proof of activity. Nevertheless, membrane vs. intracellular localization has been successfully used as an indirect measure of activity for each anion transport protein examined in this study (8, 31, 41, 55, 65, 71) .
NKCC1 Expression in Goblet Cells: Implications for CF
This study is the first to demonstrate that all goblet cells strongly express NKCC1 throughout the intestine. Earlier reports detected NKCC1-expressing goblet cells only in crypts (34) , but recently NKCC1-expressing cells with goblet cell morphology were detected along the villus epithelium of possum ileum (15) . In human airway epithelium, NKCC1 is also selectively present in goblet cells (33) . As goblet cells appear abundantly equipped with the molecular machinery for basolateral Cl Ϫ uptake, and the CCh-induced membrane recruitment of NKCC1 is a morphological sign that the machinery can be switched on, the question arises what is its physiological role? The NKCC1 inhibitor bumetanide reduced (50%) the stimulatory effects of PGE2 or 5-HT on the amount of mucus released in ex vivo ileum preparations (35) , suggesting that NKCC1-mediated fluid secretion from goblet cells contributes to normal mucus secretion. In HT29/B6 clone monolayers enriched (80%) in goblet cells, forskolin-induced short-circuit current increased due to Cl Ϫ secretion, and Cl Ϫ secretion was also elicited by VIP, PGE1, and dibutyryl cAMP (52) . The candidate Ca 2ϩ -activated Cl Ϫ channel bestrophin 2 was not detected in small intestine, but it was expressed in colonic goblet cells and appeared to be involved in HCO 3 Ϫ secretion (88) . The role of goblet cells in fluid secretion requires further studies. In CF goblet cells, functional NKCC1 (12) appears preserved, but stimulated NKCC1-mediated mucus release is not accompanied by CFTR-mediated fluid secretion. In the CF intestine, NKCC1-mediated overproduction and partial hydration of mucus occurs, while its CFTR/NBCe1-mediated alkalinizing mechanism is defective. This defect, accompanied by increased NHE3-mediated fluid absorption, could desiccate the overproduced mucus and account for the CF phenotype. The findings in this study support a model whereby NKCC1-expressing goblet cells can release and partially hydrate mucus, and CFTR/NKCC1/NBCe1-coexpressing enterocytes can further hydrate, alkalinize, and transform the condensed mucus to loose mucus.
Unique Ion Transporter Composition of the Proximal Duodenum and Brunner's Glands
A gradient in the rate of HCO 3 Ϫ secretion per unit gross area exists in the duodenum with proximal segments secreting at higher rates in rat (48) and human (47) ; however, its mechanism has not been clarified. The proximal duodenum (ϳ2 cm long in rat) is the only intestinal segment situated aborally in relation to the entrance of the alkaline pancreatic juice; thus, its epithelium together with the subepithelial Brunner's glands constitute the first lines of defense against the potentially harmful effects of stomach acid (2) . Our data indicate that this unique position is reflected by a unique ion transporter composition. Among intestinal crypt regions, basolateral NKCC1 and apical CFTR levels are highest in the proximal duodenal crypts, and similarly high in the Brunner's glands confluent with these crypts. HCO 3 Ϫ secretion by Brunner's glands has been assumed (23) , but in the absence of direct evidence (1, 2) , the low levels of NBCe1 in Brunner's gland suggest a limited ability for electrogenic HCO 3 Ϫ secretion. The role of Brunner's gland cells in Cl Ϫ transport is currently unclear and should be tested by functional studies. However, the coordinate prominent levels of CFTR and NKCC1 in the glands and the crypts above suggest that together they can produce a robust Cl Ϫ -rich secretion to deliver the glands' mucus products to the lumen. As our data show, the villus epithelium situated above exhibits very high levels of NHE3, NBCe1, and CFTR, and this is the only villus epithelium where CFTR levels surpass the crypt. Here, high NHE3 activities can salvage excess fluid, sodium, and HCO 3 Ϫ . The presence of basolateral NBCe1 appears critical for supplying HCO 3 Ϫ to the duodenal epithelium (78) . Both anion exchangers, the SLC26A3 (DRA) and the SLC26A3 (PAT), are highly expressed in proximal duodenal villus cells (75, 85, our unpublished data) . In summary, the proximal duodenal villus epithelium is uniquely richly endowed with the molecular machinery to absorb fluid, as well as to produce a robust HCO 3 Ϫ secretion.
Ion Transporters Involved in Fluid Absorption and Stimulated Fluid Secretion are Present Together in Villus Enterocytes
This study shows that NHE3, the transporter essential for Na ϩ and fluid absorption, and the transporters CFTR, NKCC1, and NBCe1 involved in stimulated Cl Ϫ and HCO 3 Ϫ secretion are present together in all upper crypt and villus enterocytes along the small intestine. The predominantly villus localization of NHE3 in the small intestine (20, 45, 49) and NBCe1 in the duodenum (68) have been described. During basal and secretagogue-stimulated anion secretion, NBC isoforms import HCO 3 Ϫ (11). The relevance of electrogenic NBC (NBCe1) is supported by a HCO 3 Ϫ secretory defect and gross intestinal abnormalities in NBCe1-deficient mice (37) , and the lack of such abnormalities in NBCn1 mice (19) . The identification of CFTR in all small intestinal villus enterocytes corroborates our earlier studies (4, 7) and those of others (83) , demonstrating high levels of CFTR in the mouse villus epithelium, where it can traffic to the apical membrane following secretagogue stimulation. Functional CFTR in the villus epithelium has also been shown using X-ray microanalysis of intestinal cryosections from normal and CF jejuna (63) and in BCECF studies of duodenum from normal and CF mice, demonstrating a CFTRdependent HCO 3 Ϫ conductance (38) . The detection of NKCC1 in all small intestinal villus enterocytes in this study is consistent with its earlier detection in jejunal villus epithelium (41) and its functional presence in villus cells (59, 62) , where it contributes to cAMP-and ACh-dependent Cl Ϫ secretion (79). CFTR and NHE3 can physically associate in the same cell, and their interaction may augment a switch to transform the cell's function from absorption to HCO 3 Ϫ secretion (53, 73) . Indeed cAMP-induced inhibition of NHE3 activity and stimulation of HCO 3 Ϫ secretory activity of CFTR occurs in parallel in duodenal midvillus epithelium (38) . Both apical SLC26A3 and SLC26A6 Cl Ϫ /HCO 3 Ϫ exchangers involved in the CFTRdependent switch to HCO 3 Ϫ secretion (76) are predominantly localized to cells in the villi (75, 85) . One implication of our study is that the molecular machinery (NHE3, CFTR, NBCe1, SLC26A3, and SLC26A6) essential for the dual function of fluid absorption/HCO 3 Ϫ secretion appears to be present in small intestinal villus enterocytes. This may be relevant for diseases that produce villus atrophy and crypt hyperplasia, such as Crohn's disease and diarrhea, which result in reduced HCO 3 Ϫ secretion and fluid absorption (17, 24) . Considering the detection of NKCC1 in villus cells and the reciprocal carbachol effect of NHE3 internalization and CFTR/NKCC1 membrane recruitment, the other implication of the results of this study is that small intestinal villus enterocytes also appear to have the molecular machinery required for the dual function of fluid absorption/Cl Ϫ secretion. Finally, the CFTR/NKCC1/NBCe1 coexpression in proximal colonic midcrypt cells, and NKCC1/ NBCe1 in colonic surface cells are consistent with previous findings that colonic crypt, as well as surface cells can perform Cl Ϫ /HCO 3 Ϫ secretory functions (39, 40) . Intestinal epithelial cells may retain their protein pool through their short life cycle Contrary to the detection of NKCC1 and CFTR along the entire villus epithelium in the current study, Mathews et al. (61) failed to detect NKCC1 mRNA in isolated enterocytes from the midvillus and villus tip in rat jejunum, and Trezise and Buchwald (82) reported that CFTR mRNA levels decrease along the crypt-villus axis. Limitations in sensitivity of detection systems and/or degradation of mRNA in already low-expressing epithelia may explain the lack of detection of mRNA in villus cells. However, similar discrepancies between mRNA and protein distribution for other transport proteins within the crypt-villus axis have been documented in the small intestine (13, 46, 54) . It is an emerging concept that epithelial cells leaving the crypt may reduce transcribing mRNA but retain protein throughout their short (2-5 days) life cycle (14) . Our data suggest that epithelial cells may retain anion transporter expression as they migrate up the villus: CFTR and NBCe1 partially, and NKCC1 predominantly in intracellular compartments, for rapid recruitment to the membrane upon stimulation.
Carbachol-Induced Membrane Trafficking
CCh can stimulate the release of ACh from mucosal axon terminals (21, 42) and can act through muscarinic (M1, M3, and M5) and nicotinic receptors on mucosal axon plexuses or basolateral muscarinic receptors in epithelial cells (27, 71, 81) . This study did not resolve whether CCh's luminal actions were direct (via receptors on mucosal cells or cholinergic axons) or indirect (via receptors on mucosal noncholinergic axons). However, in vivo actions of luminal cholinergic agents have been reported: luminal CCh stimulated gastric mucus release (69) ; oral administration of CCh induced cholinergic symptoms (72); and luminal pilocarpin altered intestinal transmucosal potential difference (16) . The lack of observed responses to luminally applied CCh in vitro (32) may be explained by dysfunction of the severed mucosal axon plexuses under in vitro experimental conditions.
The observed increase in membrane-bound anion transporters following acute CCh stimulation represent regulated intracellular trafficking, because the 10-to 20-min treatment intervals were shorter than the time (4 to 6 h) required for new protein synthesis (71) . In the unstimulated intestine CFTR, NBCe1, NHE3, and NKCC1 partially localized to intracellular vesicles, including early and recycling endosomes, consistent with regulation by recycling (74) . Similar to our in vivo findings, in isolated ileal cell membrane preparations, CCh rapidly decreased NHE3 in the brush border and increased its association with early endosomes, indicating acute regulation by trafficking (55) .
Using human colon explants, Reynolds et al. (71) demonstrated that ACh-induced membrane trafficking of NKCC1 is a rapid, short-lived biphasic event: its membrane recruitment is detectable after 1 min in lower crypt and progresses upward, but its internalization starts in lower crypt after 10 min. In our tissues treated with CCh for 10 min, the approximately twofold increase of intracellular NKCC1 in crypt cells (Fig. 11, D and E) may also reflect the onset of NKCC1 internalization. The observed increase in membrane NKCC1 FI in association with NKCC1 internalization in crypt cells is unexpected but likely reflects the limitation of sensitivity of the methodology in precisely distinguishing membrane localization from internalized NKCC1 that is close to the lateral membrane as observed (see Fig. 7B ) for NKCC1-containing recycling endosomes.
In contrast, in villus cells, NKCC1 internalization was not evident after 10 min; increased membrane levels and reduced intracellular levels were observed (Fig. 11, D and E) . However, NKCC1 internalization was observed in villus cells after 20 min (unpublished data). Because ACh is a more labile molecule than CCh, the time-interval required for CCh's effects to be detected may be longer compared with that for endogenous cholinergic responses. In the colon, upon cholinergic stimulation, intercellular Ca 2ϩ waves recruited and synchronized the activity of epithelial cells (72) . The densitometry analysis in the untreated jejunum (Fig. 11 ) indicated significantly different levels of NKCC1, CFTR, and NBC in lower vs. upper villus. However, after CCh stimulation, all three anion transporter levels became relatively even along the villi, implying that a similar synchronization may occur along the villus axis. Further studies will be necessary to elucidate the intracellular and intercellular pathways of cholinergic anion transporter regulation.
The results from the current study provide an improved understanding of the functional synchrony of epithelial cell organization and ion transport along the crypt-villus axis. The data support a prominent role for cell-specific endocytic recycling in acutely regulating anion transport, functional cooperation between goblet cells and enterocytes, and differentiation of anion transport functions between crypt and villus epithelium that work together to maintain intestinal homeostasis. These studies also provide further elucidation of the link between anion transport and goblet cell dysfunction in CF and other intestinal diseases.
